Position estimation that uses only active phase voltage and current is presented, to perform high accuracy position sensorless control of a SRM drive. By extracting the amplitude of the first switching harmonic terms of phase voltage and current for a PWM period through Fast Fourier Transform (FFT), the flux-linkage and position are estimated without external hardware circuitry, such as a modulator and demodulator, which result in increased cost, as well as large position estimation error, produced when the motional back EMF is ignored near zero speed. A two-phase SRM drive system, consisting of an asymmetrical converter and a conventional closed-loop PI current controller, is utilized to validate the performance of the proposed position estimation scheme in comprehensive operating conditions. It is shown that the estimated values very closely track the actual values, in dynamic simulations and experiments.
Introduction
The switched reluctance motor (SRM) has a simple configuration and winding design, which results in lower cost than classical machines, for the same power [1] [2] [3] . Moreover, lower cost converter [4, 5] topologies applied to the machine, as well as the control strategy [6] [7] [8] adopted to ensure variable speed operation, makes SRMs very attractive, in variable speed motor applications. In SRM drives, it is necessary to have rotor position information, to determine turn-on and turn-off angles, to excite and commutate the phase windings. Current research has focused on the estimation of rotor position without position sensors, and a large number of position estimation algorithms are broadly classified into four categories in [9] . Table 1 summarizes the features of the various sensorless position estimation algorithms.
The first approach using active phase voltage and current measurement [10] [11] [12] does not need any hardware for sensing signals, except for the phase voltage and current. In addition, it does not need any probing pulses. However, it may produce large estimation errors near zero speed, if the motional back EMF is neglected, and improper measurement of the winding resistance will lead to erroneous estimation.
The second approach [13] is to use mutually induced voltage in an inactive phase, in the chopping mode. The mutually induced voltage is very small in magnitude, and appears across the inactive phase; therefore, it is difficult to extract rotor position information, by capturing the mutually induced voltage.
The third approach [14] [15] [16] is to use low-level and high frequency signals injected into an inactive phase, to obtain phase inductance variation, which is then mapped to position information. However, the injected signals in these methods need to be low, to minimize negative torque, avoid inter-phase coupling effects, and minimize the volume and cost of external injection circuitry.
The fourth approach [17, 18] is position estimation by intelligent control methods, consisting of fuzzy models and artificial neural network controllers. These methods are not dependent on the magnetic characteristics of the motor, and are thus independent of parameter variations and disturbances. However, a large number of computations for the training of the neural network and many fuzzy rules are required, to have high accuracy position estimation.
Various techniques suggested in the literature have their own merits and demerits, depending on their principles of operation. Ideally, it is desirable to have a position estimation scheme that uses only terminal measurements, and neither requires additional hardware, nor leads to an erroneous estimation, due to the motional back EMF effect near zero speed, as well as the improper measurement of the resistance of the stator winding. In addition, it is desirable to have a reliable operation over the entire speed, while maintaining a high resolution and accuracy. For overcoming these obstacles, a new position estimation method, using the first switching harmonics of the phase voltage and current through the Fourier series, has been proposed in [9] , assuming that the phase voltage and current are continuous, and periodic with the switching frequency.
In a method using the Fourier series in [9] , the first switching harmonic component of phase current is computed with the help of the slope of phase current during turn-ON and turn-OFF times, assuming the gradients of phase current are linear in a PWM period. A higher slope of phase current in the hardware implementation leads to easier computations for flux-linkage or inductance in a PWM period. Thus the hard chopping method, one of the methods in PWM control strategies, is selected, in order to obtain a higher slope in the phase current.
On the other hand, the method using the FFT described in this paper, does not utilize the linearized equations and compensation algorithm used in [9] , which are not easily obtained in the aligned position and higher speed, due to the decrease of the rate of change of phase current with respect to time. Therefore, the first switching harmonic terms of phase voltage and current are directly calculated from their sampled information at a constant rate, in order to ensure that all the relevant information is contained in the sampled signals. Moreover, the soft chopping method can be employed in the FFT-based method, and this paper also demonstrates the effect of the variation of the incremental inductance at constant rotor position, on the variation of phase current waveform, as the rotor pole moves towards the aligned position.
Computation of the First Switching Harmonics of Phase Voltage and Current
Using the FFT
The phase voltage and current waveform in this research will be sampled at regular time intervals, as shown in Fig.  1 ; and the sampled values will be transformed into the frequency domain. T is the PWM period, which is the inverse of the switching frequency, T s is a sampling frequency, and d is the duty ratio for a PWM period.
Sampling
To ensure that all the relevant information is contained in the phase voltage and current, they should be captured, by sampling. Thus, if the switching frequency at PWM operation is 5 kHz, it should be sampled at 10 kHz or more, by the Nyquist sampling theorem. The anti-aliasing filter should also provide sufficient attenuation, at frequencies above the Nyquist frequency. Because of the nonideal response of practical filters, the effective Nyquist frequency is taken as the stop-band frequency. In specifying the anti-aliasing filter, it is useful to take the ADC resolution requirements into account. Thus, a filter would be designed to attenuate the frequencies above the Nyquist frequency, to a level not detectable by the ADC; for example, to less than the quantization noise level. Thus, for a system using a B-bit linear ADC, the minimum stopband attenuation [19] would typically be, 
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where, B is the number of bits in the ADC, and A min is the minimum stop-band attenuation in the low-pass filter. The values of A min for 10-bit and 12-bit ADC resolutions are 68 dB and 80 dB, respectively. The use of an analog filter at the front-end of a DSP system also introduces other constraints, such as phase distortion. In order to minimize the phase distortion in the anti-aliasing filters, over-sampling has been introduced in real-time signal processing, so that the transition width is wider, and the phase distortion can be reduced. Therefore, the effective noise power density at the band of interest is lower at higher sampling rates, and this leads to an enhancement of the signal-to-noise ratio.
Assuming that each phase of SRM can be independently driven with the 5 kHz PWM method, and the phase voltage and current of SRM are sampled and acquired with a 12-bit ADC real-time DSP system, the band of interest frequencies extends from 0 to 5 kHz, and the first switching harmonic frequency is 5 kHz. A third-order Butterworth filter can be used, because it has the flattest pass-band region, so that it has the least attenuation over the desired frequency range. Choosing the folding frequency, F s /2 as the effective stop-band frequency, the minimum sampling frequency can then be computed, as (2) where, A min is the minimum stop-band attenuation, 80 dB for 12-bit ADC resolutions, H( f ) and f c are the gain and cutoff frequency of the third-order Butterworth anti-aliasing filter, and f is the folding frequency, F s /2. From (2), we have f > 107.7 kHz = F s /2. Thus the sampling frequency should be greater than 215.4 kHz. Letting F s = 250 kHz, the aliasing level at 5 kHz can be obtained, as
The level of aliasing error relative to the signal level at 5 kHz can be obtained, as (4) 
First Switching Harmonics of Phase Voltage and Current
Assume that a waveform has been sampled at a certain regular time interval T, to produce the sample sequence {x(nT)} = x(0), x(t), ..., Therefore, the amplitude and phase angle of the first harmonic component of phase voltage, V(1), can be expressed as, (6) where, V(1) is the first harmonic component in the FFT computation of phase voltage, and Re{V(1)} and Im{V(1)} are the real and imaginary parts of V (1), respectively. Similarly, the amplitude and phase angle of the first harmonic component of phase current, I(1), can be expressed, as (7) where, I(1) is the first harmonic component in the FFT computation of phase current, and Re{I(1)} and Im{I(1)} are the real and imaginary parts of I(1), respectively.
Given phase angles of the first switching harmonic of phase voltage and current in a PWM period, the phase 1.5 2 difference between two instantaneous phase angles in a PWM period can be defined, as (8) 3. Parameter Estimation
Flux-linkage Estimation
As aforementioned in [9] , the inductance of SRM is estimated as in Eq. (9), by using the first switching harmonics of phase voltage and current, and the inductive reactance in the simplified equivalent circuit of SRM, which was originally reported by [20] . (9) However, if the phase current flowing through a stator winding is controlled by regulated dc current with a small variation ΔI, the phase inductance [9] can be expressed as the ratio of change in flux-linkage to the corresponding change in phase current, and is given, as (10) where, Δλ is the variation of flux-linkage established by the applied phase current, ΔI is the variation of phase current at the regulating active phase current, and L i is referred to as the incremental inductance.
In addition, the variation of the incremental inductance at constant rotor position produces variation of the phase current waveform, as the rotor pole moves towards the aligned position, as shown in Fig. 2 . This shows the variation of phase current at the unaligned, mid, and aligned positions, when the phase current command is 2 A, and the switching frequency is 5 kHz.
In SRMs, the flux-linkage can be described as the multiplication of the phase current and the self-inductance of the stator winding. Neglecting the mutual inductance between phases, the voltage equation for one phase of the SRM is given, by (11) From (11), the rate of change of the phase current with respect to time can be derived, as (12) Considering the nonlinear effects of the saturation, (12) can be expanded, as (13) When a positive voltage is applied to the stator winding during turn ON, as the rotor pole is moving towards the aligned position, the rate of change of inductance with respect to phase current at a constant rotor position is negative; and the incremental inductance L i at constant rotor position in the denominator of (12), is lower than the self-inductance L. 
Hence, as the rotor pole is moving towards the aligned position, the rate of change of phase current with respect to time increases during turn ON, as shown in Fig. 2 .
On the other hand, while a negative or zero voltage is applied to the stator winding during turn OFF, as the rotor pole is moving towards the aligned position, the rate of change of inductance with respect to phase current at constant rotor position is negative, and the incremental inductance L i at constant rotor position in the denominator of (12), is lower than the self-inductance L.
(15)
Hence, as the rotor pole is moving towards the aligned position, the rate of change of phase current with respect to time decreases during turn OFF, as shown in Fig. 2 . Therefore, this incremental inductance or the variation of flux-linkage is not used for estimating the rotor position, since the variation of the incremental inductance with respect to rotor position is too small to estimate the rotor position, as the rotor moves towards the aligned position. This makes it difficult for position estimation to be useful in SRM.
In order to overcome this drawback, the incremental inductance is converted into a flux-linkage or self-inductance to be compatible with FEA results, resulting in estimating an accurate rotor position at the region. Fluxlinkage is chosen in this research, and how to convert into flux-linkage is presented in detail in [9] . Based on [9] , the flux-linkage in a PWM period can be given repeatedly, during every PWM period, as (16) where, λ is the flux-linkage, and a is the slope of fluxlinkage with respect to time, during turn ON. Fig. 3 shows the magnetization characteristic of the two-phase 6/3 SRM [21] used in this research. In [21] , the flux-linkage starts to saturate from 4A, and is periodic, with a period of 120º. If at a given instant, the estimated flux-linkage and the phase current of particular phase are known, then from the stored flux-linkage characteristics of the SRM, the rotor position will be found, provided it is also known whether the operating mode is motoring or braking. The block diagram for the proposed position estimation using FFT is represented in Fig. 3 .
Position Estimation
Dynamic Simulation Results
Position estimation, using the first switching harmonics of phase voltage and current decomposed by FFT, is simulated, by using Matlab. Several simulations at different currents commands have been executed, to prove the validity of the proposed position estimation algorithm, under various loads. Note that no speed control loop is included. In dynamic simulations, the symmetrical PWM method with a fixed frequency (set at 5 kHz) is employed for dynamic current control. The asymmetric bridge converter is designed to apply a phase voltage in hard-chopping mode, to increase the rate of the change of phase current for a PWM period. Magnetization data obtained from FEA, which was verified in [21] , are stored in a lookup table. The load is applied to the machine from start-up condition. Voltage drops and switching transients of power electronic devices are negligible, compared to the DC- 
No Load Test
The SRM is initially at standstill and no load, when a reference current command is applied, and it runs with phase current regulation. Note that in these simulations, no speed control loop is included. At the rate of 5 kHz, the estimated and actual values of flux-linkage, rotor position, and speed are obtained during 400 PWM cycles at different operating conditions, such as transient startup, as well as low and high speeds. The average and maximum values of the results obtained during 400 PWM cycles are presented in Table 2 . Fig. 4 shows the estimated and actual values of the flux-linkage, rotor position and speed at startup, when applying the phase current command of 3A, under no load.
Load Test
The SRM is initially at standstill with various loads, when a phase current command is applied, and it runs with phase current regulation. Note that no speed loop is included. The SRM runs at 25%, 50%, 75%, and 100% of full load, which is 4 N·m for the prototype. At the rate of 5 kHz, the estimated and actual values of the flux-linkage, rotor position, and speed are obtained during 300 PWM cycles, at different operating conditions. The average and maximum values of the results obtained during 300 PWM cycles are presented in the following Table 3 . Fig. 5 shows the estimated and actual values of the flux-linkage, rotor position and speed, when applying the phase current command of 13A, under full load, 4Nm. 
Experimental Evaluation
The implementation of the proposed estimation algorithm using FFT is accomplished, using a classical asymmetric bridge converter. A 16-bit DSP controller of Texas Instruments is employed, in order to implement the proposed algorithm. The DC bus voltage and phase current are sampled at a sampling rate of 250 kHz, and the sample size of FFT computation is 50 samples in a PWM period. From FFT computation of the sampled DC bus voltage and phase current, with the duty cycle provided from the current control loop, the real and imaginary parts of the first switching harmonic of phase voltage and current are calculated.
Based on real and imaginary parts of the first switching harmonics of the phase voltage and current, the flux-linkage is estimated in a PWM period. The flux-linkage values given by FEA are stored into the two-dimensional lookup table, with phase current for row, and rotor position for column. By using linear interpolation in the two-dimensional flux-linkage lookup table, with the estimated fluxlinkage and average phase current, the rotor position is estimated. 3-phase AC power supply is fed to a full-bridge rectifier, and a rotary encoder with the resolution of 1024 [pulses/rev] is coupled to the rotor shaft, for evaluating the accuracy of the estimated rotor position. 2.2 hp, twophase 6/3 SRM is loaded, using a separately excited DC generator coupled to its shaft; and different loads are set, by changing the load resistance, through sliding the knob of a rheostat. The experimental SRM drive system is shown in Fig. 6 .
No Load Test
With the experimental setup described in Fig. 6 , the proposed position estimation scheme using FFT is performed at different phase current commands, under no load. The SRM is initially at standstill with no load, when a phase current command is applied to the SRM, and it runs with phase current regulation. Note that no speed control loop is included. At the rate of 5 kHz, the estimated and actual values of the flux-linkage, rotor position, and speed are obtained during 400 PWM cycles at different operating conditions, due to the lack of the available memory space of the DSP controller. The average and maximum values of the results obtained during 400 PWM cycles are summarized in Table 4 . Fig. 7 shows the estimated and actual values of the flux-linkage, rotor position and speed at startup and high speed, when applying the phase current command of 3A, under no load.
From Table 4 and Fig. 7 , the average and maximum errors of the flux-linkage, position, and speed are approximately 2.30% and 3.85%, 0.44deg and 0.86deg, and 1.57 rpm and 3.69 rpm, respectively. It can be observed that the proposed position estimation scheme using FFT works reliably at different operating conditions, under no load.
Load Test
In order to validate the performance of the proposed position estimation scheme using FFT in a more comprehensive operating condition, various experiments are performed at different phase current commands, under various loads. The load generated from a separately excited DC generator is fed into the SRM coupled to its shaft. The SRM runs at 25%, 50%, 75%, and 100% of full load, which is 4 N·m for the prototype SRM. Higher current commands of more than 7A are applied to the SRM for reliable startup, since the SRM cannot recover from stall- ing at lower current less than 7A, by its torque performance [21] . The SRM is initially at standstill, and no speed control loop is included. In order to reduce the position error in the saturated region, the flux-linkage profile, linearly varying with respect to the rotor position from the unsaturated to saturated region, is stored into a DSP memory. At the rate of 5 kHz, the estimated and actual values of the flux-linkage, rotor position, and speed are obtained during 300 PWM cycles at different operating conditions, due to the lack of the available memory space of the DSP controller. The average and maximum values of the results obtained during 300 PWM cycles are summarized in Table 5 . Fig. 8 shows the estimated and actual values of the flux-linkage, rotor position and speed, when applying the phase current command of 13A, under full load, 4Nm.
From Table 5 and Fig. 8 , the average and maximum errors of the flux-linkage, position, and speed are approximately 3.26% and 16.30%, 0.90deg and 1.74deg, and 10.90 rpm and 23.63 rpm, respectively. The flux-linkage error increases around the unaligned position, due to the higher rate of change of phase current, causing the increase of the position and speed error. However, the position error tends to decrease when the rotor is moving towards the aligned position, due to getting rid of the nonlinear effects of the saturation.
Analysis
In this research, experimental verification of the proposed position estimation scheme using the FFT has been carried out. The SRM has been started up from zero speed, at different current commands, under various loads, and it has run with phase current regulation. The loads of 25%, 50%, 75%, 100% of the rated load, 4 N·m, have been applied to the SRM, by switching a resistive load, which is connected to a DC generator. The rotor position is set to zero, at the aligned position. Note that no speed control loop is included, and each phase is excited with the fixed conduction angle, regardless of the current command and rotor speed. The conduction angle of 60 o is used, and the rotor speed range has the limitation of being lower than 1,500 rpm in the experiments. This is due to the tail current, which flows into the negative inductance slope region, after commutating the excited phase [22] . The correlation between the dynamic simulations and experiments of the proposed position estimation scheme using the FFT is provided in Table 6 . It can be pointed out from Table 6 that the maximum position errors in experiments are slightly smaller, than in simulations at high current references, since the flux-linkage is linearly varying with respect to the rotor position, from phase excitation to commutation angle. On the other hand, the average rotor position errors in experiments are slightly larger, than in simulations. This is because the shifted phase current due to an anti-aliasing LPF, and the propagation delay time of devices linked to ADC channels of the DSP [23] , which is approximately 24 μs in the developed drive system, are sampled without any compensation for correcting the shifted phase current; while the shifted phase current is compensated by a linear least squares (LLS) fitting algorithm in the position estimation scheme, using the Fourier series in [9] . Nevertheless, rotor position errors in the experiments are less than 2 deg, and the rotor position is therefore reliably estimated in a PWM period.
In spite of the accurate estimation of the rotor position in experiments, the rotor speed error is larger, compared to that in simulations. This is attributed to the different selection of the filter coefficient, to filter out the estimated rotor speed in the experiments. In simulations, the filter coefficient is set to 0.95; while it is set to 0.9 in the experiments, because the rotor position error in the experiments is smaller than in the simulations.
From a thorough analysis, it can be demonstrated that the experimental results are very close to the simulation results, and the performance of the proposed position estimation method using FFT has satisfactory results, which leads to a reliable operation at different operating conditions, such as transient startup, as well as low and high speeds under various loads, without position sensors.
In order to measure the computational burden for the proposed algorithm in the experiments, the execution time to conduct the proposed algorithm on the DSP controller is measured, and given in the following Table 7 . The proposed FFT-based position estimation algorithm spends 92.8 μs to compute the first switching harmonics of the phase voltage and current in a PWM period. In this paper, only the first switching harmonic components are required, and the proposed position algorithm using the FFT is reasonable, and suitable for implementation.
Conclusions
In this research, a new position estimation method using the first switching harmonics of phase voltage and current through the FFT has been presented, to perform high accuracy position estimation for SRM. In the FFT-based position estimation algorithm, the shifted phase current is sampled without any compensation for correcting it [9] , and thereby the flux-linkage estimated from the phase voltage and current has large errors, resulting in increasing the rotor position error. The combination of the pro- posed method and back-EMF methodology only in the high speed region, however, could improve the estimation accuracy, with increasing the sampling frequency and sample size into a higher speed DSP controller. In order to validate the performance of the proposed position estimation scheme using the FFT, it has been analyzed, and a comprehensive set of simulations and experiments have been accomplished and verified, with a two-phase 6/3 SRM drive system. From the correlation between the experiments and simulations, it is evident that the proposed position estimation method using the FFT is sufficiently accurate, and works satisfactorily at various operating points, such as startup, and low and high speeds, under various loads. However, it has the disadvantage that it is difficult to work in single pulse operation mode, where the SRM operates at higher speeds and there is no time for chopping to take place.
